the longitudinal axis, and about 0.5 to 1.5 mm. dorsal to the denticulate ligament. The region to which reference is made is indicated by stippling in the diagrammatic representation of the spinal segment contained in Fig. 1 . Relatively low amplitude, or marked irregularity, of the negative phase, in recordings from the region in question (but not necessarily elsewhere), indicates that the state of the preparation leaves something to be desired.
Conduction in the dendrites possesse's a degree of subtlety far surpassing that of axonal conduction. Abnormality of axons often goes unappreciated if ability to conduct an impulse be the criterion of normality. It is otherwise with dendrites. If, as is sometimes the case, blood pressure of a preparation is inordinately low, the dendritic response suffers. Barbiturates in the usual narcotizing dosage may depress the response of dendrites to an extent that routine use of the narcotized preparation well might be avoided whenever circumstances permit. Since Renshaw's original demonstration (11) it has become a commonplace observation that responses depressed for one reason or another may be enhanced by intercurrent presynaptic stimulation. As a means of detecting the impingement of presynaptic impulses the effect has utility, but the extent to which enhancement would occur in completely normal circumstances is still problematical. Even in what would appear to be the best preparations a modest enhancement of dendritic response by presynaptic activity can be demonstrated, but since preservation of the normal state is incompatible with experimental investigation the significance of the fact is not apparent. Certainly increases of startling magnitude are encountered only when the spinal cord is depressed, or the motoneurons have been interfered with functionally, or by mechanical means.
Frequently in studies of this sort mechanical interference with the motoneurons is a serious difficulty, a needle electrode inserted to the spinal cord being the usual offending agency. Most of the observations presently to be reported have been made without recourse to the use of this device since, as it happens, a wealth of detail appears in recordings of the external field of the motoneurons made with the use of a non-penetrating electrode surface, of some 0.3 mm. diameter, gently applied to the surface of the spinal cord to achieve contact without pressure. Piercing or deformation injury does not contribute to the configuration of potential changes so recorded.
Important consequences attend the fact that the motoneurons under observation lie partly within the spinal cord and partly in the extramedullary ventral root. Although fundamentally the intramedullary and extramedutlary segments of the myelinated axons have similar properties (7) it is possible, through differences in environment, that spurious property gradients might appear at the junction between these segments. Among the more conspicuous would be property gradients deriving from major differences in temperature, or the concentration of carbon dioxide between the cord and the surrounding paraffin medium in which the ventral root must lie. Paraffin oil was prepared for use by bubbling through it 5 per cent carbon dioxide, 95 per cent oxygen mixture, which treatment, for good measure, was repeated occasionally during an experiment. Slight temperature differences are difficult to avoid, the best preventive measure being the maintenance of a suitably high surrounding air temperature. In two tests of temperature gradients a difference of 0.4°C. between rectal and oil bath temperatures obtained at room temperatures of 32.5°C. and 33.7°C. respectively. Substantial lowering of room temperature decreases both rectal and oil temperature, the meanwhile adding to the differential between them. Temperature of the oil bath when measured in different preparations has varied between 36 and 39°C., unless lowered deliberately.
To avoid difficulties introduced by demarcation currents the ventral root, necessarily severed, was cut at the greatest possible distance from the spinal cord, that being distal to the dorsal root ganglion. This procedure is so important when the subject of ventral root electroton~as comes to examination (7, 8) that, in addition, only those cats having roots of exceptional length were employed for the purpose.
Identification of the location of a recording electrode when leading from the cord surface presents none of the problems associated with the use of penetrating microelectrodes. A convention has been adopted whereby electrode position is related to certain obvious features in the surface anatomy of the spinal cord: the denticulate ligament, the lateral aspects of the dorsal and ventral root attachment zones, and the caudal limit of ventral root attachment in the segment.
Certain predictions concerning the nature of responses obtainable from the surface of the spinal segment may be advanced on the bases of available knowledge of structure and of pertinent propositions relative to the recording of activity in volume conductors. These and other remaining preliminary considerations are discussed in relation to Fig. 1 . As indicated by the motoneuron represented therein the margin of the segmental motor nucleus will contain a preponderance of dendrites, from which it follows that dendritic sources and sinks will contribute heavily to recordings made at the surface of the spinal cord and, inasmuch as a single ventral root is stimulated, the dendritic sources and sinks in magnitude will decrease cranially and caudally as an exploring electrode is moved in the longitudinal plane. The exact spatial gradients involved must be determined by experiment.
In the ventral quadrant the presence of axons emerging at the surface of the cord in dense bundles to form the ventral root ensures that axonal sources and sinks will contribute heavily to recordings from that region. Interference in the ventral quadrant between dendritic currents and axonal currents would be the presumptive result. As the ventral root approaches the cord tangentially from the caudal direction there will be, in the longitudinal plane, a single intensity gradient of axonal response decreasing in the cranial direction. Because of the differing nature of their longitudinal gradients interference by dendritic currents with axonal currents will be minimal at the caudal end of the spinal segment. No prediction can be made concerning the appearance or non-appearance in surface leading of responses attributable to other constituent parts of the motoneurons.
Given active structures situated in a volume conductor, magnitude of the recorded response depends inter alia upon the amount of active tissue, and upon the degree of proximity between active tissue and exploring electrode. with considerations of proximity, ensures that dendritic responses will be of considerable magnitude and in the dorsal quadrant will determine in large measure the form of the recorded potential changes. In the ventral quadrant axons come to the surface of the cord, and thus into immediate relation with an appropriately located exploring electrode.
To illustrate the ensuing description of antidromic responses of motoneurons selected groupings of records are presented in Figs. 2 to 9. Fig. 1 serves, in a general way, as a key to the location of individual recording stations. Each of the broken arrows drawn onto the diagrammatic spinal segment of Fig. 1 denotes a line along which were made the records gathered for purposes of illustration into a single group. Numbers adjoining the arrows indicate the figures in which the several groups of recordings are to be found, while direction of the arrows depicts the order in which the individual records are presented in the figure designated.
In addition to the surface recordings certain characteristic projections through the substance of the spinal cord have been studied by the use of penetrating microelectrodes. Their location and direction were predicated upon the expectation that a microelectrode advancing obliquely through the spinal substance, in the manner of arrow 8 in Fig. 1 
which in effect becomes a glossary of the terminology and notation to be used in the ensuing description. The letters m, i, b, and d refer to a succession of negative deflections, each of which possesses some physiological property or properties to distinguish it from the remainder. Indicated by that fact is the conclusion that the successive deflections represent impulse conduction through successive parts of the motoneurons that differ, each from the others, in physiological properties. Discontinuities in conduction properties are to be anticipated at the junctions between anatomically very different parts of the motoneurons, rather than at intermediate points. The schema above has been constructed in line with this expectation, each of the four deflections being attributed to the occupation by impulses of one of the known anatomically distinct segments of the motoneurons. With the order of their latencies brought into correspondence with the order in which antidromic volleys traverse the parts of the motoneurons, deflections m, i, b, and d would represent action in the myelinated axon segments, initial axon segments, bodies, and dendrites respectively.
To avoid any misunderstanding it should be stated that the designations m, i, b, and d as employed herein are not intended to, and do not necessarily, 
PART I. RESPONSE OF SPINAL MOTONEURONS TO SINGLE ANTIDROMIC VOLLEYS

Recordings from the Cord Surface of A clivily in Moloneurons
An Experimenl.--Represented in Fig. 2 are recordings obtained, following single ventral root stimuli, from the surface of the first sacra[ spinal segment at about the midsegmental level and extending from the lateral aspect of the dorsal root entry zone (record A) around the circumference, past the denticu-late ligament (record M) to the lateral aspect of the ventral root entry zone (record Q). The cord ventrum was in contact with conducting medium to the lateral aspect of the ventral root entry zone. From that zone dorsally the cord surface was in contact with insulating medium. In accord with the known properties of conduction in volume the onset of electrical change is seen to occur simultaneously at all the recording stations and, since the impulse volley enters the volume at the caudal end of the segment, that change has positive direction at all the stations represented by recordings in Fig. 2 . In the ventral quadrant reversal to negativity rapidly ensues as the axonal volley reaches midsegment and the negative spike m, obviously in axonal tempo, is recorded (records N, O, P, Q). Spike m is of greatest magnitude at the ventral root entry zone and suffers attenuation at positions dorso-lateral to that zone. beginning of a distinct negative peak that follows, in records O, P, and Q, in succession to deflection b. At points where deflection d is the initial negative deflection (dorsal quadrant) slight differences in latency are to be found by measurement of the interval between shock artefact and reversal point. Deflection d, in the dorsoventral direction is maximal at a point about 1 to 1.5 mm. dorsal to the denticulate ligament, and is attenuated in both dorsal and ventral directions. Since, in the dorsal direction, responses attributable to segments of the motoneurons other than that responsible for deflection d are not discernible it would seem that attenuation in that direction of deflection d is not accountable to interference between sources and sinks in different parts of the motoneurons. Conversely, the presence in the ventral quadrant of responses attributable to three distinct segments of the motoneurons (m, b, and d) suggests that interference may play a role, possibly a dominant one, in the apparent reduction in amplitude of deflection d.
Just as spike m easily is identifiable as the response of axons, so deflection d, from considerations of latency, amplitude, and spatial distribution is attributable in accord with prediction to the occupation by antidromic impulses of the dendrites. Deflection b has not been characterized sufficiently as yet to consider as lifted the arbitrary nature of its designation as a response of the cell bodies.
Some Interpretations.--As an antidromic volley enters the conducting medium at the caudal end of the spinal segments all parts of the motoneurons at the midsegmental level become sources for the oncoming impulses. When the axonal volley, progressing cranially, reaches the midsegmental level that arrival is marked by the recording in the ventral quadrant of spike m, denoting axonal sinks of current flow. Concurrent positivity in the dorsal quadrant indicates that dendrites are acting as sources of current flow to those axonal sinks. Since the bodies are about to be occupied by the antidromic impulses they too must be acting as sources for the axonal sinks, but in Fig. 2 no identifiable sign of this event can be found (but see Fig. 8 ). Occupation by the antidromic impulses of the cell bodies is signaled in the ventral quadrant by deflection b. At the time of deflection b the dendrites still act as sources of current flow, the progress of the impulse sinks from axons to cell bodies being marked by a change of slope (at the arrows in 2 A, B, C) in the dendritic positive phase. Analysis of the records in Fig. 2 reveals no overt source other than dendritic for impulse sinks in the cell bodies, but in view of the interferences already discussed, the fact is not proof of non-existence. Finally, as the antidromic impulses reach some undefined points in the dendrites, deflection d, recording sinks of current flow, indicates their presence therein. No overt sources for the dendritic sinks are revealed by the records of Fig. 2 . It is obvious that a metadromal I source must exist in either the cell bodies, or axons, or possibly in both. Such being the case it follows that sources for dendritic sinks must contribute to the over-all recorded result in the ventral quadrant (Fig. 2, N to Q) . In other words, the near isopotentiality, in records P and Q, during the time of deflection d in part must be due to phase interference. Fortunately, arguments concerning the location of metadromal sources for dendritic sinks can be founded upon direct and positive evidence.
Another Experiment.--Figs. 3, 4, 5 , and 7 present recordings of antidromic responses of motoneurons obtained by the use of a surface electrode that was caused to move along a number of longitudinal lines as well as dorsoventral lines. All the records in these figures were obtained from a single preparation, the arrangement for which, however, differed slightly from that obtaining for the experiment illustrated by Fig. 2 in that the insulating medium extended 1From #cra~Ow#o~--running after. This adjective and its better known antonym "prodromal" are applicable to the positive deflections associated with impulse conduction in volume, and to the sources of current flow they represent. The prefixes pro-and recta-stand in reference to the position occupied relative to the sink of current flow.
ventrally beyond the root entry zone so that the entire ventral root except for its attachment to the spinal cord was insulated. Detailed reference to the appearance and occurrence of deflection d in the records of Fig. 3 hardly is necessary. Greatest amplitude is attained in record E. Some attention should be accorded the late rhythmical wavelets labeled l in some of the records of Fig. 3 . These are more prominent in some experiments than in others, and in the ventral quadrant than in the dorsal quadrant. The I wavelets tend to be well synchronized in recordings from a variety of loci. Their significance is not immediately obvious.
A
One aspect of the potential change beginning with deflection d is of considerable interest. At some points on the surface of the spinal segment, conspicuously in the ventral quadrant as evidenced by Fig. 3 , K and L, the negative change endures, albeit with irregularities, for an interval in excess certainly of 4 msec. (of. also reference 10). These observations serve to emphasize again the prolonged time course to be anticipated of action as impulses reach the normal anatomical limits of a neuron, be these dendritic, or axonal (9) . It is important to bear in mind also that the termination of deflection d need not, and in fact normally does not (7, 8) , signify the termination of the "event" underlying deflection d as recorded at the cord surface, which is to say at the periphery of the nucleus. direction of the recording electrode (records B to E), deflection d increases in magnitude to attain a maximum at a point just caudal to midsegment, only to decrease again as the electrode is shifted further caudally to the caudal end of the segment. Attenuation of deflection d in the cranial direction from midsegment is not due to interference by currents in other parts of the motoneurons. Indeed, attentuation in the cranial direction from the point of maximal deflection d (Fig. 4 , E to A), to judge by the configuration of recorded responses, rather closely resembles attenuation in the dorsal direction from that point ( Spike m is more conspicuous in 5 F, G, and H than in 4 F, G, and H. Further-more there is in record 5 E in the position of spike m a distinct peak in the negative direction (marked by an arrow) that corresponds to a change in slope in the descending limb of the positive phase in record 4 E (also marked by an arrow). Attenuation, in the cranial direction, of spike m is quite similar in the two groups of records. The same probability of interference in the caudal half
Fro. 6. Surface responses recorded 0.5 ram. dorsal to denticulate ligament at loci extending from midsegment caudally. For the records of the left column the ventral surface of the cord was in contact with insulating medium, for those of the right column with conducting medium, all other conditions being similar.
of the segment exists, but among the records of Fig. 5 , in which spike m is greater by reason of greater proximity between the recording stations and the ventral root, the degree of interference must necessarily be increased.
A Digression to Consider A xonal-Dendritic Interference.--The nature of the responses recordable in the more ventral parts of the dorsal quadrant between midsegment and the caudal limit of the segment is such as to provide favorable circumstances for an evaluation of interference between axonal and dendritic sources and sinks. An important feature of responses in this region, recorded in the conditions obtaining for Figs. 4 and 5, is the contrariwise longitudinal attentuations of axonal response and dendritic response (records E to H in Figs. 4 and 5) . The means for investigating interference is provided by the fact that substitution, at the ventrum of the spinal segment laterally to include the ventral root entry zone, of a conducting medium for an insulating medium so that the juxta-spinal stretch of the ventral root lies within the conducting medium, but not against the cord, reduces to the vanishing point the contribution of axonal sources and sinks to potential changes recorded in the dorsal quadrant. The effect is demonstrated by Fig. 6 , in which the records of the left column were made with the ventral root insulated, those of the right column with the ventral root flooded in the manner described. Records At and A_~ were obtained at a single electrode position at midsegment. The B, C, D, and E records were obtained following successive shifts of 1 ram. each in the caudal direction. In the dorsoventral direction the records were made along a line 0.5 mm. dorsal to the denticulate ligament.
In comparing the columns of Fig. 6 it will be noted that latency to the onset of electrical change is not altered appreciably since only a very short stretch of the high conduction velocity ventral root axons is added to the conducting volume by the flooding maneuver. In consequence of the flooding all trace of spike m, prominent in records of the left column, is lost, indicating that axonal currents do not contribute significantly to the recorded potential changes in the right column. Thus the attenuation gradient, in the caudal direction, of deflection d, in the circumstances obtaining for the records of the right column of On comparing deflection d in the two columns little difference will be noted except at the caudal end of the segment (6 E1 and 6 E2), where the difference is such as to indicate that deflection d is written upon an intercurrent positivity denoting the existence of sources of current flow that correspond to the current sinks responsible for deflection d. Further forward the absence of difference between the d deflections in the two columns is attributable to the fact, already demonstrated in Figs. 2 and 3 , that no ne! source of current flow exists in the immediate neighborhood during the period of deflection d.
It is unfortunate indeed that no means exists for performing the reverse experiment of removing the dendritic components without altering the axonal components, for then the changes in the initial positivity anteceding deflection d more readily might be understood. Most obvious change is an increase in the depth of initial positivity in consequence of flooding the cord ventrum. The only possible explanation for this effect must suppose that initial positivity, when the cord ventrum is insulated, is distorted by the influence of nearby sinks that fail, however, as in Fig. 6 A1, to make themselves manifest through the creation of obvious discontinuities such as occur further caudally (BI, C1, D1, and El). Implied in this discussion is a warning against overly facile identification of simple configuration with simple origin. Fig. 7 is a representative series of recordings obtained from electrode positions arrayed along the lateral aspect of the ventral root attachment. Each recording of the series was made at a longitudinal level corresponding with that of its lettered counterparts in Figs. 4 and 5, record A being again from the cranial end, record H from the caudal end of the segment.
Records from the Lateral
Contained in
As an antidromic volley in ventral root fibers reaches the spinal segment at its caudal end, electrical change begins in all the records of Fig. 7 . When the recording electrode is situated at the site of first entry, as it was to obtain records H and G, that beginning electrical change, spike m, is negative and of great amplitude. At the location of record F spike m is anteceded by prodromal positivity. Further forward still (records E, D, and C in succession) prodromal positivity increases progressively and the first reversal point, signifying arrival at those successive levels of the cranially directed axonal volley, and the onset of spike m, is progressively retarded. Meanwhile spike m itself decreases in amplitude until, as in records B and A, it can no longer be identified. Toward the cranial end of the segment prodromal positivity decreases in magnitude, and the initial negative deflection, characterized now by an ascending limb that is sloped progressively to the right until a peak is reached, occurs in the position of deflection b (records B and A).
At the caudal limit of ventral root entry, where spike m is maximal, the recorded potential change includes an overt metadromal positive phase that persists as long as does a recordable deflection d at other loci in the spinal segment (as for instance in records 7 B to E). Seen to best advantage in records 7 G and H, metadromal positivity is maximal during the later part of spike m at more cranial loci, and during the period of deflection b. When observed at lower amplification maxima! amplitude of metadromal positivity amounts approximately to 20 per cent of that of the antecedent spike m. A lesser degree of positivity obtains during the period of deflection d. Spatial considerations suggest that the metadromal positivity under discussion is ind!cative of the existence of axonal sources of current flow, the sinks corresponding to which are localizable initially to the more cranial and central portions of the axons and subsequently to the several parts of the motoneuron somata.
In the ventral quadrant deflection d achieves its maximal recorded amplitude not at midsegment, as is the case in the dorsal quadrant (records E in Figs. 4  and 5 ), but at a more cranial level (Fig. 7 C) . Presumably the difference could be due to fundamentally different disposition in the longitudinal direction of ventrally and dorsally orientated dendrites. A more likely supposition, however, would be that the recorded potential value of deflection d at loci in the proximity of the ventral root entry zone is determined by algebraic summation of deflection d negativity with concurrent positivity, the latter possessing the temporal characteristics of the metadromal positivity in Fig. 7 H, and a longitudinal attenuation patterned on that of spike m. Such, at any rate, would be the expectation based upon gross structure of the spinal segment, and the indication that metadromal positivity is representative of axonal sources.
Some Features o.1" A ntidromic A ction Recorded by Means of Penetrating Electrodes
To this point discussion has been limited to those features of the antidromic response of motoneurons discernible in recordings from the surface of the spinal cord. With that method of leading judiciously employed it may be said that observed discontinuities in response are not ascribable to mechanical interference by penetration or deformation. Attention now being turned to the i 0.2 rnsec. Latency, measured from shock artefact to reversal point, decreases with increasing penetration of the microelectrode, a rule that is violated, among the recordings of Fig. 8 , only by the appearance, in 8 B, of spike m, that being the result of surface spread in the manner described in connection with Figs. 4, 5, and 6. The responses to be described will be considered in order of increasing depth from the points of entry of the microelectrode. No histological control of electrode position has been attempted, nor does it seem that much would have been gained by so doing, since at no time has the objective of the present study been the preparing of potential field diagrams. In fact, performance of the ritual concerning electrode position at times, and more particularly with reference to studies on the spinal cord, creates an aura of preciseness beyond any justification. Herein a relative scale of position is adopted with the recording locus of one typical response stated in relation to that of some other typical response. Fig. g A. --As a microelectrode penetrates a short distance from the surface in the dorsal quadrant, amplitude of deflection d increases and latency is decreased progressively. However no change in the general character of the response occurs. The increase in amplitude implies that the microelectrode after leaving the surface passed through the boundary of the nucleus to reveal stages of the progression along dendrites of the antidromic impulses. Progressive shift in latency, of the magnitude encountered, and in consideration of the physical dimensions of the spinal segment, is compatible only with the assumption that the recorded changes represent the conduction of low velocity impulses in rather elongated structures. Estimates of conduction velocity have been attempted with the aid of reasonable assumptions concerning conduction distance. These, of course, yield only an order of magnitude. The figures for velocity arrived at, 5 m per sec. or less, are in substantial agreement with that found by Lorente de N6 (10) . Fig. 8 B.
--The initial recording shows for reference purpose the surface response that in this instance (as in Figs. 4 and 5 ) contains in addition to deflection d a small spike m. Before obtaining the second and third recordings of 8 B the electrode was advanced beyond the region represented by recordings of 8 A. In the second recording of 8 B prodromal positivity leads into a negative deflection that occupies the position in time of deflection b in surface recordings, and is labeled accordingly. Whenever deflection b is recorded as the first negative deflection, either at the surface (Fig. 7, A and B) , or by microelectrode from the interior of the cord (Fig. 8 B, second recording; Fig. 8 C, first recording) it presents the same upward convexity of ascending limb. That configuration indicates a sharp decrease in conduction velocity of the antidromic impulses penetrating the b-segment of the motoneurons. Deflection b is followed, after an intervening minimum, by a deflection d. The degree of separation between deflections b and d is variable. In minimal form it is represented merely by a change in slope at the time of the peak of deflection b. Frequently in the course of an experiment it becomes obvious that variability in response after the peak of deflection b may reflect damage occasioned by the microelectrode, but the fact is of little import for the main features of deflection b are observable in surface leading at the cranial limit of the segment (Fig. 7, A and B) .
Whenever, as in the second recording of 8 B, deflection b is the first negative elevation recorded within the substance of the spinal cord, slightly deeper penetration of the microelectrode has secured the recording of a potential change having the essential characteristics of the third recording of Fig. 8 B. Latency is reduced slightly and the negative phase acquires a two-part character. The second of the twin peaks occupies the position of deflection b, while the first, designated deflection i, appears for the first time in the present description, not having been found in surface recording. Interpretation.--Considered together the records of Fig. 8 illustrate an orderly progressive conduction of antidromic impulses from axonal pole to dendritic poles of the motoneurons. The antidromic impulses enter the cord at high velocity, but, during penetration of the b segment decelerate to a fraction of their initial velocity to continue through the dendrites certainly without secondary acceleration, and probably with continued deceleration. Another striking feature is the near ubiquity of deflection d, which fact, on anatomical grounds, is in keeping with its identification as the response of dendrites. In contrast, deflections i and b are quite sharply localized. Spike m, in turn, is to be found everywhere at the most ventral locations. The presentation of a few records, as in Fig. 8 , cannot portray in truly adequate fashion the full sequence observable on the face of the cathode ray oscillograph as an electrode is shifted from one point to another. When that is done only two discontinuities of conduction regularly come into view: that between deflections i and b and that between deflections b and d. Since complete continuity exists between spike m and deflection i there might seem to be no reason for drawing a distinction. The evidence that forces distinction is considered in another paper (8) . To anticipate the results to be presented therein, the reason for distinguishing deflection i from spike m is that the former is readily abolished by a short period of asphyxia, whereas the latter is highly resistant. Since it is in all other observed properties indistinguishable from spike m, deflection i logically should be ascribed to continuing axonal conduction into a region, however, that is readily depolarized by asphyxia (cf. also reference 10). Invariable association, in recordings, of a b deflection with deflection i (as in Fig.  8 ) implies that the asphyxia-sensitive region of the axons is in immediate justaposition to the b segment, hence the designation of deflection i as a response of initial axons.
In order fully to appreciate the nature of the discontinuities that exist be- With the use of a microelectrode suitably located deflections b and d may be recorded in a form just short of confluence. An example of such a recording appears in Fig. 9 B. There are, indeed, many examples in the literature of antidromic responses recorded with deflections b and d in near confluence, and it is in this form, arbitrarily selected and designated "the somatic response" or "soma potential," that antidromic responses of motoneurons have been employed in prior studies (4, 6) . It is obvious immediately that a large part of the soma response so recorded is referable to the participation of dendrites. It is true also that the evidences of instability in somatic response largely are attributable to the d fraction of the somatic response.
The slight discontinuities that exist between certain of the negative deflections find their counterparts among the positive deflections. Whenever a given segment of the motoneurons acts successively as a source for impulse sinks in two other segments a slight discontinuity appears. With specific reference to prodromal positivity such discontinuities appear, as for instance in Figs. 2, A to C; 3, A and B, when the dendrites, having acted as sources for axonal sinks, become sources for impulses in the b segment. Similarly a discontinuity appears in the metadromal positivity of axons as impulse sinks progress from the b segment into the dendrites (Fig. 7 H , and the third recording of Fig. 8   D) .
Observation on latency forces the conclusion that considerable time is required for antidromic impulses to progress from the axons to certain unspecified points in the dendrites. The present experiments have indicated, in accord with the conclusion of Lorente de N6 relating to conduction in hypoglossal motoneurons (10) , that antidromic impulses enter the spinal cord at characteristic axonal velocity, that they decelerate, particularly during invasion of the b segment, to continue through the somata at a fraction of their former velocity. Recently Barakan, Downman, and Eccles (1) have taken exception to the original conclusion of Lorente de N6, and propose to account in terms of axon-soma delay for the elapsed time of somatic conduction. That proposition gains no support from the present investigation.
PART II, ON THE CONDUCTION BY SPINAL MOTONEURONS OF TWO ANTIDROMIC VOLLEYS
Neural structures exhibit in the wake of impulse conduction a period of unresponsiveness measurable by the ability to carry a second impulse. The observations to be described demonstrate that the several intramedullary parts of the spinal motoneurons differ in their capacity to conduct the second of two successive impulse volleys, a fact that has some bearing on the problem of identifying with structure the deflections recordable during antidromic activation of the motoneurons.
Configuration of the monophasic action potential of an impulse volley traveling in partially refractory nerve is well known (3) . A p~ripheral nerve, such as the peroneus, stimulated twice by strong shocks spaced approximately 1 msec. apart in time will conduct two impulse volleys. The monophasic action potential of the second, by comparison with that of the first, is reduced in amplitude and delayed in time. Transferring the nerve to a volume conductor does not alter its physiological properties, yet the change in physical conditions of recording introduces complexities in form of the recorded response that in an unexplored situation would lead certainly to gross misinterpretation. Prerequisite for the discussion of motoneuron responses that follows is an elementary understanding of certain changes from normal configuration of the potential sequence recorded as an impulse volley travels in partially refractory nerve immersed in a volume conductor. A superficial treatment of the problem, presented in connection with Fig. 10 , is sufficient for the present purpose.
To obtain the recordings of Fig. 10 the middle stretch of an exsected peroneal nerve (cat) was placed in a conducting medium. Electrodes for stimulation were located on a part of the nerve, near one end, in an insulating medium. A recording electrode was placed on the nerve variously at the point of its entry into the volume conductor (10 A), at a point near midstretch of the nerve in volume (10 B) , and at the point of exit from the volume (10 C). The input circuit was completed through another electrode at a distance in the volume conductor, which latter was grounded. Each part of Fig. 10 second impulse volley travels in partially refractory nerve, and yet the first and second responses are separated to an extent that their individual configurations may be seen, and the one compared with the other.
At the entrance to the volume the recorded potential change is diphasic negative-positive, within the volume it is triphasic in positive-negative-positive sequence, and at the point of emergence it is again diphasic, but in positivenegative sequence. At each position of recording, the initial phase, negative or positive as the case may be, of the response to a second stimulus is reduced from normal amplitude in accordance with the partially refractory state of the nerve obtaining at the time of second response. Subsequent phases of the second response, however, appear with amplitudes increased from the normal potential values displayed in the first responses despite the fact that a second stimulus engages fewer axons in activity. As a first approximation the fact of subnormal conduction velocity would appear to be a sufficient basis for the observed effect (cf. also reference 7). A fact of considerable interest emerges if the degree of change due to partial refractoriness at the entry to and exit from the volume conductor be compared. It is quite apparent, for instance, that increase in the second phase at the point of emergence is not as great as that at the point of entry. Actual measurement of amplitudes in an experiment showed that the first phases of a second response at both entry and exit of the nerve attained 94 per cent of their amplitudes in the first response. Amplitude in the second phases, however, was 135 per cent at the entry to, and only 112 per cent at the exit from the volume conductor, both values being in reference to amplitude of the second phases of the first response at the respective loci. On the assumption that slowed conduction velocity is responsible for the bizarre amplitude changes J 1 FIG. 11 . Responses to antidromic volleys recorded at (A) caudal root entry zone (B) ventral funiculus, (C) ventral horn, the electrodes being so placed as to reside at the point of entry, midstretch, and central end of the intramedullary axons.
in the potential sequence of a second response the lesser degree of change at the exit from the volume can be attributed to rising conduction velocity of the second process as it moves into more normal nerve (3) . Amplitude changes of the sort that have been described in connection with the nerve model of Fig.  10 are encountered also in the study of spinal motoneurons. Contained in Fig. 11 are records of antidromic responses of spinal motoneurons obtained by the use of electrodes situated at three points in the spinal segment: on the surface at the caudal end of the root entry zone (11 A), within the ventral column to record spike m arising out of prodromal positivity (11 B) , and within the ventral horn to record the conjoint i,b deflection (ll C).
In so far as the motor axons are concerned these locations of the recording sites are such that axonal impulses are recorded at their entry, part way along their intramedullary course, and at the limit of their central projection, which is the point at which they join the somata. So it is that the responses of Fig. 11 are brought into a degree of analogy with those obtained from the nerve model and illustrated in Fig. 10 . Some advantage is gained in Fig. ll by super- imposing upon the several responses to single ventral root stimulations those resulting from double stimulations.
In character the responses to single shock stimulation as they are represented in Fig. 11 correspond almost exactly to responses described in connection with Figs. 7 and 8, in consequence of which fact they are presented without further comment. Part A of Fig. 11 includes a second response to antidromic stimulation in which the metadromal positivity by contrast with that of the first response is increased in amplitude, shortened in duration, and has become quite smooth in contour. The second response of Fig. 11 B, contrasted with the first, is characterized by a decrease in prodromal positivity, an increase in the negative phase (spike m), this in turn followed by a truncated smoothly contoured metadromal positivity. Finally, the second response of Fig. 11 C, again by contrast with the first, appears with reduced prodromal positivity and increased negative phase, which latter assumes also a simple contour through non-appearance of deflection b.
Certain of the differences between the first and second responses in each of the parts of Fig. ll result from the fact that the ventral root was restimulated while still in a state of partial refractoriness. Other differences, the decrease in duration of, and the removal of irregularities from the metadromal phases in 11 A and 11 B, together with the non-appearance of deflection b in 11 C, demand another explanation, which is obviously that a second antidromic volley in the circumstances obtaining fails to penetrate the b segments of the motoneurons. As further consequence of that failure d segment response likewise does not occur.
Because unresponsiveness of the b segment following conduction outlasts that of the axons, the i segment acts for a brief interval as a virtual end of nerve. In form the antidromic responses elicited during that brief interval are in accord with behavior to be anticipated of a simple bundle of axons in volume.
Presented in Fig. 12 is a series of records obtained by the use of an electrode situated on the surface of the cord at the lateral aspect of the ventral root entry zone close to the midsegment. Response following a single ventral root shock (12 A) contains, following prodromal positivity, deflections m, b, and d together with a series of/-wavelets such as frequently may be seen in the more ventral loci (Figs. 3 and 7) . To produce the responses recorded in Fig. 12 , B to J, two shocks were directed to the ventral root, the stimulation interval being increased between successive observations. In record 12 B no part of" the motoneurons responds to the second shock when it follows the first shock by approximately 0.8 msec. As the stimulus interval is increased spike m appears (12 C) and grows rapidly (12 D and 12 E) there being, however, at a stimulation interval of 1. appears not to undergo further change with further increase in stimulation interval.
From the results exemplified by Fig. 12 it is concluded that the b segment requires about 0.8 to 0.9 msec. longer than does the m segment to recover from prior impulse conduction to a condition that again permits conduction of an impulse. In an earlier study (4) the recovery of motoneurons following antidromic conduction was examined in terms of ability to respond to powerful monosynaptic reflex excitation. At that time it was found that antidromically activated motoneuron somata are not open to synaptic reactivation for approximately 1 msec. after the axons have recovered from absolute refractoriness. Thus two independent lines of evidence bear testimony to the existence in the motoneuron of a region that displays greater than axonal refractoriness. In face lead at midsegment in the dorsal quadrant. Records B to P include responses to double stimulation at a variety of stimulus intervals and, in L, a response to the second stimulus delivered in isolation. At the shortest interval the only sign of activity aroused by the second stimulus is a positive deflection signifying that the second antidromic volley has entered the spinal cord and, in the light of the result illustrated in Fig. 11 , has been blocked at the junction of i segments and b segments of the motoneurons.
It should be obvious that the unresponsive period of the d segment would be measurable only in the event that it exceeds the unresponsive period of the b segment, for antidromic impulses must negotiate the b segment before entering the d segment. Since, in fact, the minimal stimulus interval at which a second stimulus evokes any d response is about 1.6 msec., it follows that block at the b segment is a sufficient explanation for unresponsiveness revealed in the behavior of deflection d (cf. also inset to Fig. 15 A) . As the interval between two shocks increases beyond the minimum requisite for the appearance of a second deflection d, that deflection rises to a maximum, attained at stimulus intervals of 3 to 3.5 msec. (Fig. 13 , E and F) only to decrease again to a minimum at stimulus intervals of about 9 to 10 msec. (13, M and N, also Fig. 15 A) .
A Note on After-Currents.--Figs. 13 and 14 show that deflection d is followed by a positive deflection Sp which records the initial phase of the after-current cycle of spinal motoneurons, and a negative deflection--Sn--which completes the cycle, at least as it is presently known. If the recording electrode be shifted so that spike m and its metadromal positivity come into view the deflections denoting after-current flow appear with reversed sequence of electrical sign, being there initially negative and subsequently positive (7) . Indicated by the fact of after-current flow is the existence in parts of the intramedullary motoneurons of after-polarizations the courses of which must differ in different parts of the neurons, otherwise nothing would be recorded. During the after-current cycle, which lasts for approximately 120 msec., the location of sources and sinks is such as to indicate that a major fraction of the current flows between axons and somata. For 40 to 50 msec. the direction of flow is from dendrites to axons. Thereafter, and for the remaining measurable duration, flow is from axons to dendrites. A deflection resembling that herein labeled Sp, but nothing resembling the other deflections, has been described in the study by Brooks, Downman, and Eccles of spinal motoneurons (2) . Their reference to the deflection as an after-potential of the somata suggests that it arises in the manner of afterpotentials in peripheral nerve, which is incorrect. A discussion of after-currents as they relate to after-potentials will appear in another connection (7).
After suffering maximal depression at a stimulus interval of 9 to 10 msec., deflection d elicited by the second of two shocks begins slowly to increase in magnitude with increasing shock separation. Sample records to exemplify the fact are presented in Fig. 14 . However, deflection d is a response that fluctuates somewhat in amplitude, much as do monosynaptic reflexes (5), for which reason, in the interests of obtaining a more nearly precise measurement, its recovery should be studied by effecting comparisons for each stimulus interval between the averages of a considerable number of conditioned and unconditioned responses, according to the method that has proved of value in the study of monosynaptic reflexes (5) Included as an inset to Fig. 15 A are some observations presenting in greater detail than was possible in Fig. 13 the behavior of deflection d upon the occasion of dual stimulation in rapid sequence. Superimposed upon a reproduction of the recorded potential change of the d response are two curves, one downward (circles) plotting against shock interval the recovery of the prodromal positivity of deflection d, the other upward (dots) plotting recovery of deflection d itself. Deviation from zero in the former curve occurs at a time reasonably accountable to the onset of axonal recovery, while deviation of the latter curve begins at the time that the b segments would again conduct an antidromic volley (Fig. 12) .
A comparison between recovery by the dendrites of their ability to conduct a second antidromic volley (Fig. 15 A) and recovery of motoneurons to monosynaptic reflex excitation following conduction of an antidromic volley (Fig.  15 B) reveals the two forms of recovery as following closely similar courses. There can be little doubt that the same factors are responsible for both phenomena, and that hyperpolarization of the somata following response is one important factor. However, despite the general similarity it is not proper to bring the phenomena into strict analogy with the classical subnormal period of peripheral nerve, for, although positive after-polarizations indeed are involved, they are involved not only in the sense of an intrinsic hyperpolarization process following conduction, but to some extent also as extrinsic agents which, by giving rise to current flow, anodally polarize the somata, and so depress excitability (7) . Either of the mechanisms concerned can be brought into analogy with anodal depression, and hence the course of the recovery curves depicted in Fig. 15 properly may be regarded as representing a depression of the anodal type. Doubt as to the propriety of so doing should be removed by the fact that the depression is relieved during the course of anoxic depolarization (8) .
In the study of their "antidromic focal potential," Brooks, Downman, and Eccles (2) have observed behavior that compares with that described in connection with Figs. 13, 14, and 15 A, but they attribute the observed effect entirely to variations in intensity of an hypothetical axon-soma block. Whereas block at the axon-soma junction does exist during the 1st msec. following axonal recovery from refractoriness due to prior antidromic conduction (Figs. 11  and 12 ), during the postasphyxial state (8) , and is still a logical explanation for an earlier described phenomenon (4), the fact that deflection b recovers within a relatively few milliseconds following impulse conduction indicates that the principal contributory cause for the prolonged depression of deflection d (and the "antidromic focal potential") is operative within the soma itself rather than at the axon-soma junction.
An alternative to the rigid concept of axon-soma block is to suppose that a gradient of conduction property exists in the soma. This latter idea is neither new, nor novel (11; 10, in particular pp. 275-280), but it does require more substantial experimental basis than hitherto has been forthcoming. Obviously the facts that the dendritic response can be increased in amplitude and decreased do not provide information by means of which to distinguish between the mechanisms proposed. Furthermore the fact that the b segment recovers rapidly following prior conduction to conduct normally during depression in the d segment is not proof in the strictest sense of a conduction gradient since the postulation of body-dendritic block, plausibly or otherwise, still would satisfy the requirement.
The experiment illustrated by Fig. 16 is presented in the light of the foregoing discussion. Curve A of Fig. 16 plots, as a The result depicted in Fig. 16 demonstrates that depression of somatic response during repetitive stimulation involves a gradient within the dendrites of the motoneurons. Certainly the result is incompatible with the assumption that the phenomenon is due to a variable blockade imposed, as envisaged by Brooks, Downman, and Eccles, at the axon-soma junction. SUMMARY An analysis has been made of the electrical responses recorded on the surface and within the substance of the first sacral spinal segment when the contained motoneurons are excited by single and repeated antidromic ventral root volleys.
A succession of negative deflections, designated in order of increasing latency m, i, b, d, has been found. Each of those deflections possesses some physiological property or properties to distinguish it from the remainder. Indicated by that fact is the conclusion that the successive deflections represent impulse conduction through successive parts of the motoneurons that differ in behavior, each from the others. Since the spinal cord constitutes a volume conductor the negative deflections are anteceded by a positive deflection at all points except that at which the axonal impulses first enter from the ventral root into the spinal cord. Frequently two or more negative deflections are recorded together in overlapping sequence, but for each deflection a region can be found in which the onset of that deflection marks the transition from prodromal positivity to negativity.
Deflection m is characteristic of axonal spikes. Latent period is in keeping with known axonal conduction velocity. Refractory period is brief. The response represented by m is highly resistant to asphyxia. Maximal along the line of ventral root attachment and attenuating sharply therefrom, deflection m can be attributed only to axonal impulse conduction.
Deflection i is encountered only within the cord, and is always associated with a deflection b. The i,b complex is recordable at loci immediately dorsal to regions from which m is recorded, and immediately ventral to points from which b is recorded in isolation from i. Except for its great sensitivity to asphyxia, deflection i has properties in common with those of m, but very different from those of b or d. To judge by properties i represents continuing axonal imp-lse conduction into a region, however, that is readily depolarized by asphyxia. Deflection b possesses a unique configuration in that the ascending limb is sloped progressively to the right indicating a sharp decrease in velocity of the antidromic impulses penetrating the b segment. A second antidromic volley will not conduct from i segment to b segment of the motoneurons unless separated from the first by nearly 1 msec. longer than is necessary for restimulation of axons. This value accords with somatic refractoriness determined by other means. Together with spatial considerations, the fact suggests that b represents antidromic invasion of cell bodies.
Deflection d is ubiquitous, but in recordings from regions dorsal and lateral to the ventral horn, wherein an electrode is close to dendrites, but remote from other segments of motoneurons, d is the initial negative deflection. In latency d is variable to a degree that demands that it represent slow conduction through rather elongated structures. When associated with deflection b, deflection d may arise from the peak of b with the only notable discontinuity provided by the characteristically sloped rising phase of b. Deflection d records the occupation by antidromic impulses of the dendrites. Once dendrites have conducted a volley they will not again do so fully for some 120 msec.
Embracing the several deflections, recorded impulse negativity in the motoneurons may endure for nearly 5 msec. When the axonal ddflection m is recorded with minimal interference from somatic currents, it is followed by a reversal of sign to positivity that endures as long as impulse negativity can be traced elsewhere, demonstrating the existence of current flow from axons to somata as the latter are occupied by impulses.
Note is taken of the fact that impulse conduction through motoneurons is followed by an interval, measurable to some 120 msec., during which aftercurrents flow. These currents denote the existence in parts of the intramedullary motoneurons of after-potentials the courses of which must differ in different parts of the neurons, otherwise nothing would be recorded. The location of sourcesand sinks is such as to indicate that a major fraction of the current flows between axons and somata. For approximately 45 msec. the direction of flow is from dendrites to axons. Thereafter, and for the remaining measurable duration, flow is from axons to dendrites.
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